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Abstract 
This paper demonstrates the application of marine radar and a newly developed waterline 
mapping technique to the continued surveillance and monitoring of inter- and intra-annual 
intertidal morphological change, thus capturing new detail on coastal system behaviours. Marine 
radar data from 2006-2009 are used to create a sequence of waterline elevation surveys that show 
clear morphological evolution of two different sites in the Dee estuary, UK. An estimate of 
volumetric change was made at two locations: West Hoyle sandbank and the NW Wirral beach. 
Both sites exhibited a similar cyclic pattern of volumetric change, with lowest volumes in autumn 
and winter, respectively. The average beach elevations above Admiralty Chart Datum clearly 
reflect the observed change in sediment volume, with reduced elevations in winter and increased 
elevations in summer, suggesting a trend of high-energy storm waves in autumn and winter that 
remove sediment and simultaneously moderate the vertical dimension of bedforms in the 
intertidal area. Data at this temporal and spatial scale are not easily obtainable by other current 
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remote sensing techniques. The use of marine radar as a tool for quantifying coastal change over 
seasonal and event timescales in complex hydrodynamic settings is illustrated. Specifically, its 
unique application to monitoring areas with dynamic morphology or that are vulnerable to erosion 
and/or degradation by storm events is exemplified.  
Keywords: remote sensing; marine radar; intertidal morphology; coastal monitoring; coastal 
survey 
 
1. Introduction 
1.1. Research context and aims  
 
The coast is temporally and spatially dynamic, with the constant action of waves, wind, currents and tides 
serving to reshape its physical nature over relatively short geological timescales (Mason et al., 2010). The 
processes and impacts of morphological change across a gamut of spatial and temporal scales have 
been studied extensively, and many are well documented (Wright and Short, 1984; Cowell and Thom, 
1994). Several examples of these studies include sandy beach (e.g., Johnson et al., 2014; Senechal et 
al., 2015) and gravel beach response to storms (e.g., Ruiz de Alegria-Arzaburu and Masselink, 2010) in 
addition to long term, extensive area studies of coastal morphological response to natural and 
anthropogenic forcing (e.g., Hapke et al., 2010). Changes in the physical environment often have 
considerable consequences for human populations and biota in close proximity to the coastline. The 
density and concentration of human population and infrastructure assets are increasing continuously 
(Nicholls et al., 2011). Additionally, resources in these areas are finite and in many places at risk of 
degradation and overuse. It is vital, therefore, that the overall health and stability of these increasingly 
vulnerable areas are monitored, along with their morphological response to further human development 
and natural processes including storm events (Tătui et al., 2014; Castelle et al., 2015; Dissanayake et al., 
2015). The research presented here aims to better capture and understand the morphological behaviours 
of the estuary-beach interface over a multiple season timescale and to examine the sensitivity and 
recovery of the associated intertidal beach in response to storms. The purpose of this paper is to 
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demonstrate how recent advances in radar-based monitoring techniques can be applied to better 
constrain coastal system behaviours resulting from complex geomorphic interactions in time and space. 
The resulting data sets provide an effective evidence base for the prediction and tracking of coastal 
morphological changes in response to a variety of forcings. 
 
1.2. Modelling and monitoring for assessing the vulnerability of coastal areas  
 
Traditionally, coastal defence construction has focused on damage mitigation and protection of 
vulnerable, high value assets and infrastructure (including extensive residential areas) from flooding and 
coastal erosion through extensive hard engineering. Examples of these structures negatively affecting the 
coast and causing increased erosion or undesirable sediment accretion (Kraus, 1988; Gillie, 1997; 
Phillips and Jones, 2006; Ilic et al., 2007) are numerous, and such developments can act as barriers to 
natural shoreline adjustments (Dugan et al., 2008; Berry et al., 2014) thus causing intertidal zones to be 
squeezed out (Doody, 2004; De Vriend et al., 2011). Soft engineering approaches and working with 
natural processes (European Commission, 1999; McKenna et al., 2008) maintain coastlines through the 
monitoring and nurturing of dune systems, saltmarshes, tidal flats (Arkema et al., 2013), and dissipative 
beaches through recharge and nourishment schemes (Hanson et al., 2002; Stive et al., 2013; Wengrove 
and Henriquez, 2013). Continued pressure on the coastline from erosion and sealevel rise (Wahl et al., 
2011; Hanley et al., 2014; Kirshen et al., 2014; Wadey et al., 2014) demands that the response of natural 
and ‗engineered‘ coastal morphological systems to changing forcing factors is modelled and monitored 
effectively over appropriate timescales.  
 
Coastal engineers and managers often depend on the results of modelling efforts for projecting shoreline 
response. However, conceptualizing and modelling changes in coastal morphology is particularly 
challenging over mesoscale (decadal) timescales that lie between the dynamic instantaneous, short-term 
process and the long-term coastal evolutionary dynamics (Clarke et al., 2014; French et al., 2015; Payo 
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et al., 2015; van Maanen et al., 2015). Nearshore topographic-bathymetric data are required to drive and 
validate models used at the foreshore, for example, coastal hydrodynamic and morphological models 
such as Xbeach (Roelvink et al., 2009) and Xbeach-G (Masselink et al., 2014) are capable of modelling 
sediment transport (McCall et al., 2015) in addition to profile response.  
 
In addition to modelling, various methods of in situ and remote sensing are utilised to monitor the 
nearshore zone. Remote sensing techniques are increasing in popularitiy because of their many 
advatanges over insitu methods (Holman and Haller, 2013). Synthetic Aperture Radar (SAR) and 
multispectral and optical satellite images can be used to map coastal change on large scales using 
sequential images and tidal models (Koopmans and Wang, 1994; Mason et al., 1995, 1999; Annan, 2001; 
Mason and Garg, 2001; Ryu et al., 2002, 2008; Heygster et al., 2010; Liu et al., 2013). Site-specific 
survey platforms include manual DGPS and TLS surveys (Blenkinsopp et al., 2010; Brodie et al., 2012; 
Almeida et al., 2013; Almeida et al., 2015) and, more recently UAV/drone systems (Mancini et al., 2013; 
Rovere et al., 2014). Video camera analysis is widely used in the observation of nearshore processes, 
including the derivation of hydrodynamics and topography (Holman and Guza, 1984; Holman et al., 1993; 
Holland et al., 1997; Aarninkhof et al., 2003, 2005; Davidson et al., 2007; Holman and Stanley, 2007; 
Uunk et al., 2010; Sobral et al., 2013; Santiago et al., 2013); and infrared cameras are able to operate in 
low light conditions to observe hydrodynamics in the nearshore zone (Jessup et al., 1997; Watanabe and 
Mori, 1997).  
 
Standard marine navigation radar can be used to create image data appropriate for use in coastal 
monitoring. The fine spatial resolution (3-10 m depending on range setting) and unique interaction 
between radar-emitted EM waves and a rough sea surface (Valenzuela, 1978) allow numerous critical 
nearshore hydrodynamic phenomena to be observed and measured. Marine radar is ideally suited to 
observing wave fields and has been used extensively to derive wave spectra (Reichert et al., 1999; Nieto-
Borge and Guedes Soares, 2000) based on techniques pioneered by Young et al. (1985). There are a 
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number of approaches to determining and filtering these wave spectra to extract wave and current 
statistics (Nieto-Borge et al., 2004, 2008; Senet et al., 2001, 2008; Hessner et al., 2008; Serafino et al., 
2010, 2012). In this respect, Bell et al. (2012) successfully determined and mapped surface currents 
around the island of Eday off the north-eastern coast of Scotland. Subtidal water depths can also be 
estimated based on the observed wave behaviour, which allows nearshore bathymetric maps to be 
created (Bell, 1999, 2006, 2008; Flampouris et al., 2009; Bell and Osler, 2011). Previous researchers 
have mapped shoreline positions using marine radar by imaging the waterline in the spatial domain and 
describing beach contour levels using time-stamped time exposure images and a record of tidal elevation 
(e.g., Takewaka, 2005). This technique was also used to observe morphological change at a river mouth 
(Takewaka et al., 2009). The ability to robustly map intertidal zone elevations on a pixel-by-pixel basis 
without the need to consistently observe wave fields (Bell et al., 2016) adds to the capability of marine 
radar in coastal monitoring. This paper expands on previous research by demonstrating its application to 
monitoring changing intertidal morphology over the multiseasonal timescale.  
 
2. Methodology  
2.1. Data collection and study site description  
 
Data used in this contribution were gathered for the Liverpool Bay Coastal Observatory over 2005-2009 
(Bell, 2008) using a Kelvin Hughes marine radar operating at X-band, 9.4 GHz located in an elevated 
position (~25 m aMSL) on Hilbre Island, at the mouth of the Dee estuary, UK (Fig. 1). The radar waterline 
survey method used to generate results shown in this paper will be briefly described in the following 
section along with a description of its application to the observation of seasonal trends in morphology 
along the Wirral coastline and within the sandbanks of the Dee estuary.  
 
The morphology of the Dee and nearby Mersey estuaries have changed significantly over the last few 
centuries (e.g., Marker, 1967), and regular dredging is required to maintain the deepwater navigation 
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channel that cuts through Salisbury Bank to the southwest into Mostyn port and out into the Irish Sea via 
the Welsh Channel or ‗Wild Road‘ as it is known locally. 
The Dee estuary exhibits flood-dominated tidal asymmetry and is a mature, infilled estuary approaching 
morphological equilibrium (Moore et al., 2009). The Dee has long been a sediment sink and has 
experienced continued expansion of saltmarsh since at least 1900 (cf. Rahman and Plater, 2014). In 
addition, mobile sedimentary bedforms within the outer estuary and mouth may still be encroaching on 
channels and tidal inlets, with the potential to cause a navigation hazard (e.g., Demirbilek and Sargent, 
1999) and change the topographical distribution of the estuary significantly. This is of particular concern 
within the Dee estuary where critical wing components for the Airbus A380 'Superjumbo' passenger jet 
are ferried to Mostyn port before being shipped to mainland Europe for final assembly.  
Hydrodynamics in the Dee estuary are extremely varied; waves in the eastern Irish Sea are fetch limited 
with significant wave heights of < 5.5 m and mean periods of < 8 s. However, the very high tidal range of 
more than 10 m on high spring tides exposes a large expanse of intertidal area that is influenced by the 
actions of waves and tides across an area of several square kilometres at low tide in the estuary mouth. 
More detailed analysis of the Dee estuary and Liverpool Bay hydrodynamics can be found in Bolaños and 
Souza (2010), Bolaños et al. (2011), Wolf et al. (2011), and in Thomas et al. (2002) for an assessment of 
historical morphological change and resulting hydrodynamic regime change.   
 
2.2. Radar-based intertidal topographical survey methodology  
 
Marine radar 'snapshot' images (generated every 2.4 s) are temporally averaged over 10 min, creating a 
series of time exposure images (Fig. 2) taken every hour throughout 2006-2008. These images are 
analysed in 2-week blocks such that the full spring-neap period is observed.   
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When these images are viewed in sequence, the spatial location of the waterline can clearly be seen 
migrating across the image space according to the rise and fall of the tide. The higher pixel intensity 
results from greater amounts of microwave energy being reflected from the breaking waves in the surf 
zone. Surface roughness, and therefore image pixel intensity, is determined by wind speed (Valenzuela, 
1978), direction (Dankert et al., 2003; Dankert and Horstman, 2006), and wave heights and is also 
influenced by convergent currents on the ebb and flood tides channelled by submerged sandwaves, 
sandbanks, and tidal flats farther out in the estuary (Alpers, 1984).  
 
By extracting a given image pixel intensity at each time step over a 2-week period, the temporal signal of 
a spatially transgressing waterline can be obtained with a time series of intensities showing clear 
transitions between high and low intensity, representing a state transition from wet to dry at each pixel. 
The temporal gradient of this time series gives a sequence of pulses, the peaks of which indicate the time 
at which a pixel transitions from wet to dry (Bell et al., 2016). Each tidal elevation within a given tidal 
range, 0-10 m with 10-cm vertical resolution in this case, also has a unique temporal signal indicating the 
times of transition from wet to dry at a given location according to the tidal cycle.  
 
The signal of pixel intensity gradients from every point in the input image sequence is matched to a tidal 
elevation above Admiralty Chart Datum (ACD) using the temporal waterline method detailed in Bell et al. 
(2016) in which examples of this procedure are demonstrated. Figure 3 shows a simple schematic of the 
technique used to derive intertidal elevations.  
 
 
The resulting maps show the mean elevation of the radar-observed waterline over the 2-week analysis 
period, giving a good approximation of the intertidal morphology at that time. The algorithm can make use 
of data collected over a shorter time period; however, the full tidal range between a given spring and neap 
tide will not be observed. Elevations outside of the tidal range are unable to be resolved given the lack of 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
tidally driven waterline transitions. The maps are filtered according to correlation coefficient derived by the 
waterline matching algorithm, with low correlations representing areas of low confidence in the accuracy 
of the derived elevations (Bell et al., 2016). Typically these zones reflect areas that are shadowed from 
the radar antenna or that are subtidal zones where no cycle of tidal wetting and drying is detected. In 
situations where a radar is deployed for extended periods of time, continued data collection permits the 
generation of repeated surveys, allowing morphological changes in an area to be monitored. 
 
It is possible to improve the estimations of elevations by temporally filtering the resulting sequence of 
elevation results at each pixel location. A robust smoothing algorithm (Garcia, 2010) that is weighted by 
the signal of maximum correlation coefficients corresponding to each elevation result is applied to each 
pixel record of radar-derived elevations. Thus, outlying data and missing values that have low correlation 
coefficients are less able to negatively influence the smoothed elevations. This enables missing data to 
be filled with an approximate elevation whilst still retaining the overall trend of the signal, giving an 
unbroken record of elevations over long time periods that allows for the evolution of a given intertidal area 
to be tracked effectively. Results of applying this smoothing to a smaller data set can be seen in Bell et al. 
(2016). The issue of filling missing data in data sets used to monitor coastal morphology was also 
addressed by Holman et al. (2013) where hourly bathymetric surveys generated using the cBathy 
algorithm applied to video camera data often had gaps caused by poor lighting conditions. Gaps were 
filled using a robust Kalman filtering technique and resulted in derived elevations showing an RMS of 0.51 
m when camera-derived elevations were compared with a bathymetric survey. The authors decided not to 
apply this type of Kalman filtering to the radar surveys at this time because of the desire to weight the 
smoothing strictly by correlation coefficients and the much lower sampling frequency of the 2-weekly 
radar surveys when compared to hourly camera-derived surveys. 
  
 
3. Results 
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Figure 4 shows the results of two weeks of radar data (26 March 2006–8 April 2006) analysed using the 
radar temporal waterline method, with the polar radar data projected onto a Cartesian grid with 5-m 
spatial resolution. The noise in this plot at longer ranges (marked by black rings in Fig. 4) is indicative of 
the increased area lying in shadow and the drop off in back-scattered radar power, resulting in lower 
intensities and more unstable pixel signals at longer ranges. Figure 4 is colour-coded according to 
waterline elevation above ACD and illustrates two sites: site A is the West Hoyle sandbank and B is a 
section of the NW Wirral beach, the morphology of these areas will be examined in more detail in the 
following sections. Site A is an interestuary sandbank, isolated at low tide from the beach and from the 
north Wirral coastline to the east and the north Wales coast to the west. Site B on the other hand is a 
beach location that is connected to the north Wirral shore. Because of the dynamic estuarine morphology 
in the Dee, levels of exposure to wave action and storm events are likely to vary greatly across the 
estuary and between these sites.  
 
 
Accuracy and stability levels of this technique have been assessed in some detail in Bell et al. (2016) by 
comparison with an aerial LiDAR flight taking place at the same time (early October 2006) as the radar 
survey. Importantly, the LiDAR represents a snapshot of elevations; while the radar method estimates the 
mean elevation over a 2-week period, thus there will be some variation in results. Analysis of changing 
elevations at several fixed rock locations around Hilbre Island showed deviations of ±10 cm over a 10-
month testing period, suggesting that elevation changes observed by the radar across the study area 
reflect actual changes in morphology. Accuracy was found to vary with range from the radar, with RMSE 
of 31 cm and bias of 12 cm within the first 750 m. Larger average error is observed as range increases 
(indicative of increased area subject to shadowing and lower radar returns at longer ranges) from RMSE 
of 61–83 cm and bias of 48 to 59 cm across the remaining range extent (Bell et al., 2016).   
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This radar survey technique has some limitations. The total area shadowed from the radar is influenced 
by a combination of the height of the radar antenna, the height of observed bedforms and their ranges 
from the radar, and the surrounding ground topography, e.g., hills, cliffs, or buildings that may obscure 
vision in the alongshore directions. Consequently, careful consideration must be given to the siting of the 
initial radar deployment, especially as the radar must remain stationary during data collection. Areas with 
a very small tidal range, narrow intertidal area and/or a very steep beachface would likely not present 
ideal conditions for the application of this methodology. The technique also requires an accurate record of 
tidal elevations in order to estimate elevations; robust methods of retrieving tidal elevations in remote 
areas are currently under development to compliment the radar survey technique. 
 
A waterline survey in the form of Fig. 4 was completed for every two-week period from the beginning of 
2006 to the end of 2008, using a total of 256 images for each analysis period. However, during some 
periods, surveys could not be produced as a result of failures of radar hardware, software, or in the 
remote power supply; these gaps in the dataset are detailed in Table 1.  
2006 2007 2008 
Month Day Month Day Month Day 
1 1 1 1 1 15 
1 14 1 13 1 29 
1 28 1 27 2 9 
2 12 2 10 2 23 
2 26 2 24 3 7 
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3 11 3 10 3 21 
3 25 3 24 4 4 
4 8 4 7 4 18 
4 22 4 21 5 6 
5 6 5 5 5 20 
5 20 5 19 6 5 
6 3 6 2 6 19 
6 17 6 16 7 1 
 
7 1 6 30 7 12 
7 15 7 14 7 26 
7 29 7 28 8 9 
8 12 8 11 8 23 
8 26 8 25 9 7 
9 9 9 15 9 21 
9 23 9 29 10 4 
10 7 10 13 10 18 
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10 21 10 27 11 1 
11 4 11 15 11 15 
11 18 11 29 11 29 
12 2 12 13 12 13 
12 16 12 27 12 27 
 
 
 
3.1. Accuracy of radar-derived elevations at site A (West Hoyle sand bank). 
 
Site A, the location of which is shown in Fig 4, is a section of the West Hoyle sandbank. Bedforms across 
this feature are known from local anecdotal evidence to be highly mobile. Figure 5A shows this area 
cropped out of the radar waterline data, and Fig. 5A shows the same area extracted from a LiDAR survey 
flown at the same time period (October 2006).  
 
The overall accuracy of this technique has been explored in some depth in Bell et al. (2016): however re-
examining this aspect for West Hoyle sandbank gives greater context to these results. The differences 
between radar-derived elevations and the LiDAR elevations must be set in context with regard to the 
different physical phenomena being observed, that being the absolute bed elevation directly measured by 
the LiDAR and the water surface level being imaged by the radar and used to indirectly estimate bed 
elevation. Figure 5C shows the residual differences between the radar waterline elevations and the 
Table 1 
Documented dates of completed surveys and missing data throughout the 3-year deployment at Hilbre 
Island, grey highlighted dates indicate missing data 
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LiDAR bed elevation measurements, in which the majority of the area of West Hoyle sandbank is well 
defined with elevation differences of 0–50 cm (green and yellow areas) with two main concentrations of 
larger differences >50 cm around the shallower areas of the sandbank. Potential sources of this error are 
discussed below.  
 
Figure 5D shows the areas shadowed from line of sight of the radar by intervening topography and shows 
that line of sight to most of the survey area is relatively unobstructed from the radar antenna and 
therefore shadowing is not likely the cause of the larger elevation differences that can occur in areas not 
shadowed. The issue of pooling water could be a contributing factor to the overestimation of elevations 
(Bell et al., 2016). During the ebb tide, water is retained in these channels for longer periods than on the 
slopes of sandbanks, especially if water is draining from upstream. The radar continues to image this 
water surface even as the recorded tidal elevation falls until it drains completely, shifting the times at 
which the radar detects a transition from wet to dry and causing elevations to be overestimated. This 
phenomenon is potentially contributing to the general overestimation of elevations across the surveyed 
area as water slowly drains off the shallow sandbank. In addition, these channels are likely more 
sheltered from the wind, which potentially reduces the ability of the radar to detect the waterline 
transitions in these areas during periods of low sea state (when low winds do not roughen the sea surface 
sufficiently to allow radar detection). Changes in pixel intensities within these areas are still tidally driven, 
often resulting in a high correlation coefficient in the elevation-matching algorithm. This means that 
current methods of quality control do not automatically filter regions subject to tidal pooling/draining and 
further work must be done to highlight these areas.  
 
Figure 6 shows a comparison between the radar and LiDAR elevations at site A, taken during October 
2006. This figure highlights the overestimation of elevations by the radar technique. The authors believe 
that these systematic errors in elevation are likely to be a result of a combination of physical effects 
including but not limited to 
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(i) slight differences between the nominal still water line (tidal elevation) and the location of the shore 
break as imaged by the radar (Bell et al., 2016);  
(ii) wave setup and runup shifting the breaker line onshore relative to the still water line; 
(iii) pooling of water as it drains over very shallow (1:100–1:200 slope) intertidal areas causing shifts in 
waterline transitions;   
(iv) localised currents induced by the mass of water conveyed shoreward by breaking waves draining 
back off the beach — This could cause a shift in the location of the shore break similar to (i); and  
(v) the assumption of a uniform, instantaneous tidal elevation across the analysis domain being an 
oversimplification. 
 
The overestimate illustrated in Fig. 6 suggests that (i) is the most likely and significant physical effect 
causing the errors, although a combination of factors is involved. At any particular location the errors 
appears to result in a relatively stable offset, a fact that was verified by the observation of waterline-
derived elevations of fixed rock targets in Bell et al. (2016). Thus the determination of absolute elevations 
will include some degree of error, but the observation of changes in beach morphology may be conducted 
with some confidence. A more detailed study of the contribution of these various physical effects to the 
absolute errors will be the topic of further work. 
 
The following sections illustrate changes in the inferred morphology of West Hoyle sandbank (site A) and 
a large area of NW Wirral beach face (site B) from March 2006 to December 2008. 
 
3.2. Monitoring morphological change in intertidal areas  
 
In order to explore changes in intertidal morphology, several sites have been chosen to highlight the 
spatial variability over a relatively small area. The study area in the Dee estuary is heterogeneous; with 
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extensive shallow sandy beaches to the northeast of Hilbre Island, sandbanks to the west, mixed mud 
and sand intertidal flats to the east, and saltmarsh to the southeast, along with several rocky 
outcroppings. The radar survey technique derives elevations well over all of these environments, 
suggesting wide applicability to other diverse sites. 
 
The radar survey technique provides the ability to estimate changing sediment volumes across large 
areas of the survey environment. An estimate of sediment volume (relative to Admiralty Chart Datum) was 
made at each grid location and the mean total volume per pixel at the West Hoyle sandbank and the NW 
Wirral beach calculated every two weeks. Figure 7A shows the estimated sediment volume over nearly 
three years at West Hoyle sandbank (site A), with the winter seasons (December-February) marked as 
dashed red lines and gaps in the data set being filled using a third-degree polynomial. Figure 7B shows 
volumetric data from the NW Wirral beach (site B). Wave data from the Liverpool Bay waverider buoy 
(WMO ID: 62287, operated as part of the CEFAS wavenet in the Irish Sea off the coast of the Wirral 
Peninsula) provided high temporal resolution (every 30 min) measurements of significant wave heights 
from 2006 to 2009 while the radar was deployed. The buoy was located at 53ᵒ32'.01N, 003ᵒ21'.31W. 
Significant wave heights, periods, and dominant directions from January 2006 to December 2008 are 
shown in Fig 7C.  
  
The Dee estuary is currently at or approaching stability at the equilibrium stage of its morphological 
evolution (Moore et al., 2009). Figures 7A and 7B broadly confirm that there is little net change over the 
analysis time period, but with deviations over the course of a year, this does suggest a dynamic 
equilibrium state where the Dee estuarine system is constantly adapting to new boundary conditions and 
forcings (e.g., Van Dongeren and De Vriend, 1994). The signal of changing sediment volume at site A 
(Fig. 7A) indicates lowest volumes towards the ends of the autumn season and early winter. There is a 
significant temporal lag between the two sites, and it may be that material is being transported from 
elsewhere in the local domain such as the outer areas of the East and West Hoyle sandbanks or the 
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Point of Ayr to the west. Maximum sediment volumes are seen in spring and summer when wave 
conditions are generally calmer (see Fig. 7C). This seasonal cycle of changing volume is reflected well in 
the cycle of changing elevations shown later in Fig. 11, suggesting a removal of material and a flattening 
of bedforms during autumn and winter. One of the authors who visited the site before and after an autumn 
storm in September 2007 also observed this effect. Well-defined bedforms of height 0.5-1 m and 
wavelength in the order of 100 m were present before the storm but were almost completely flattened 
afterward.  
 
Site B follows a similar pattern to that of site A in terms of changing sediment volumes, as shown in 7B. 
The key difference here, however, is that lowest sediment levels are seen in mid-winter. This lag in 
material loss could be indicative of changing wave angle and climate affecting the different locations in 
different ways or potentially some transfer of material from one site to the other. The record of daily 
averaged significant wave heights throughout 2006-2009 show that wave heights are generally high in 
autumn and winter, this is also reflected in the monthly averaged significant wave height values (red line 
in Fig. 7C). This suggests that the seasonal cyclicity in sediment volume flux is influenced by the change 
in wave climate as well as the underlying tidal cyclicity throughout the year. The extent to which the 
changing wave climate influences the two sites analysed clearly varies significantly given the lag time in 
volume change.  
 
3.3. Observing intertidal bedforms and changing beach elevations  
 
At the temporal resolution outlined in Table 1, changes in the morphology of West Hoyle sandbank can 
be seen clearly. Figure 8 shows a sequence of radar waterline elevations described using two weeks of 
data at a time and a sample survey was extracted every five months to illustrate changes in morphology 
across the sandbank. The movement of mesoscale bedforms can be seen across the sandbank and is 
representative of the sediment translation evident in Fig. 7. This movement is evidenced effectively in the 
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video attached in supplementary material, WestHoyleBank_MorphologicalChange.mp4, which makes use 
of all available two-week surveys across the three-year deployment and presents this information as a 
series of surface plots with a 25x vertical exaggeration to emphasize morphological features. While the 
accuracy of several regions described in Fig. 5 is relatively low when compared to LiDAR data, Fig 8 and 
the supplementary video show that the observed over-estimations are relatively consistent between 
surveys, and that indications of relative changes in morphology are captured despite the lower absolute 
accuracy of this iteration of the radar-based survey.  
 
Site B comprises the intertidal flats area immediately to the east of Hilbre Island where the radar is 
situated (Fig. 4). A similar exercise as that applied to site A was performed in order to observe the 
changing beach elevations at this site. The accuracy of results from this area compared to LiDAR 
elevations was explored in detail in Bell et al. (2016) and are not reiterated here. Significantly, shadowing 
is more of an issue where there are many quasi-linear tidal channels and bedforms that give rise to a 
complex local morphology.  
 
Figure 9 shows a series of plots constructed using radar waterline elevation data illustrating the migration 
of linear sedimentary bedforms with wavelengths of the order of 200 m; these appears to be subtidal to 
intertidal bars that weld onto the beach during late 2007/early 2008. These plots are extracted from the 
three-year time series every five months in the interest of demonstrating this phenomenon. The reader is 
also directed to the online supplementary material where a video showing the changing morphology as a 
sequential display of surface plots, EasternFlats_MorphologicalChange.mp4, is available.  
 
Figure 10 shows the total residual change in waterline elevation between the start (March 2006) and the 
end (December 2008) of the three-year survey period, with the red regions indicating erosion and the blue 
areas indicating accretion. The northern section of the sandbank has experienced significant loss in 
elevation (~1 m); while the southern, central, and western sections of the bank have accreted. This is 
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consistent with known behaviour at the site, as there is a navigation marker buoy located at the far 
eastern edge of the sandbank that is periodically moved to the south by the local harbour authority 
throughout the duration of the monitoring period.  
 
Estimations of sediment volume are not the only measure of beach state and shoreline health able to be 
resolved with this method. The variation of mean elevations of a given region gives an intuitive overview 
of the beach profile condition, higher mean elevations can indicate the presence of significant bedforms 
or a more uniform overall accretion, while lower elevations reflect a ‗flattening‘ of bedforms or their 
migration out of the study area. The pattern of these mean elevations is similar to those of the total 
sediment volume change over the three years. Figure 11 illustrates the change in mean waterline 
elevation (m) at site A at each available two-week period from March 2006 to December 2008, as well as 
their deviation around the mean beach elevation (purple solid line). The red line describes 2006 
elevations, the green line 2007, and the blue 2008. Figure 11 clearly shows that all lines follow a similar 
pattern where the sandbank elevations rise above the mean elevation in summer and drop below this in 
winter.  
 
Figure 11B illustrates the change in mean waterline elevation at site B, reflecting the changing sediment 
volume relatively well with elevations below the three-year average in winter and above in summer. Loss 
of material begins around one month later than at site A but seems to follow a similar pattern, suggesting 
a progressive change in intertidal morphology across the estuary is driven by seasonal variations in 
hydrodynamic forcing.  
 
3.4. Radar-derived cross-shore profiles  
 
Beach profiles are an important form of input data to many nearshore morphological and hydrodynamic 
models, for example XBeach and XBeach-G (Roelvink et al., 2009; Masselink et al., 2014). Traditional 
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methods of measuring beach profile evolution over time often involves the repeated sampling of a series 
of cross-shore profiles and measuring the differentials to determine erosion or accretion and track 
migration of observed bedforms (Pye and Smith, 1988). The radar waterline technique allows the user to 
extract multiple profiles from a desired location and analyse their evolution over a long period of time, 
allowing variations due to bedform crests and troughs to be removed, resulting in a mean barless beach 
profile such as used by Ruessink et al., (2002). Profiles can also be extracted for use in further 
processing or as model input. 
 
Figure 12A shows an area of the intertidal flats to the east of Hilbre Island that was extracted in order to 
sample several cross-shore profiles to demonstrate changes in these profiles over three years. Figure12B 
shows this area rotated, such that each row in the matrix is a cross-shore profile and each column is an 
alongshore profile. The locations of four transects (T1-4) are also shown. The accuracy of these profiles 
when compared to LiDAR data was examined in Bell et al. (2016). 
 
In order to examine changes in beach profile elevation throughout the three-year study period, these 
transects were arranged into timestacks shown in Fig. 13, with time on the y-axis, cross-shore distance 
on the x-axis, and elevation from ACD on the z-axis. The migration of these sedimentary features is seen 
clearly in Fig. 13, particularly the linear migration of a bedform crest that is evident in transect 2. Two 
clear crests are present in early 2006 and their progression in a shoreward direction captured. During 
winter 2007 these crests are clearly flattened to some extent. In the spring season the bedforms build up 
again and resume shoreward migration before appearing to weld onto the beach during 2008. A clear 
cyclicity to the erosion and accretion can be observed across these transects that is most evident in 
transects 3 and 4 demonstrating erosion of the upper, shoreward regions of the profiles during autumn 
and winter and subsequent accretion in the summer. This seems to support trends in sedimentary volume 
and elevation seen in earlier sections. The absence of linear bedform crests in transects 3 and 4 could be 
a result of their sheltered situation in lee of Hilbre Island reducing their exposure to wave action. Mean 
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wave energy density figures are also calculated using data from the CEFAS Wavenet offshore buoy 
(details given above). These values are derived from the mean significant wave height over each 2-week 
period corresponding to those of radar data collection. Periods of highest wave energy density 
correspond to times of greatest erosion on the cross-shore profiles.  
 
3.5. Morphological response to storm events  
 
In addition to long-term observations and snapshot surveys, this method can also be tuned to selectively 
survey waterline elevations over a given area leading up to and immediately following a storm event. 
Directly monitoring post-storm recovery is a difficult task with insitu surveys because of the necessity to 
track synoptic weather data and predictions. In contrast, continuous monitoring by a radar system 
potentially allows automation of pre- and post-storm surveys. The storm Britta in late October (29th) to 
early November (4th) 2006 was primarily a North Sea storm and contributed to gusts in the region of 170 
km/h in many coastal areas across western Europe including Denmark, Norway, and Scotland. As waves 
in the Irish Sea are predominantly fetch-limited (Dissanayake et al., 2015) it is assumed that similar (albeit 
much less dramatic) storm conditions contributed to the generation of the waves being measured by this 
buoy during this period.  
 
Radar data were processed for two weeks up until 29 October 2006 when significant wave heights began 
to increase up to a local maximum daily mean of 2.4 m. Peak significant wave height over the storm 
period was 3.4 m, and peak wave period of 9 s were observed on 31 October 2006 at 08:00. A survey 
was generated for this pre-storm period and another for the following two weeks. Figure 14 shows the 
residuals between the survey before and following storm Britta around Hilbre Island. Red areas indicate 
erosion, with maximum values suggesting around 1 m of relative (as the results indicate waterline 
elevations) sediment loss from the crests of bedforms.  
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A visual comparison between Fig. 14 A and 14B shows a clear overall reduction of elevation across the 
beach. Numerous linear features of erosion can be seen running from southwest to northeast along the 
beachface; these are likely the crests of bedforms being flattened or being redistributed farther offshore 
(as indicated by the areas of accretion indicated in blue concentrated close to the subtidal margins). The 
extracted subimage marked by the black boundaries shows residual elevation change (see Fig. 14C) 
between the pre- and post-storm radar surveys.  
 
4. Discussion  
The application of the radar waterline method developed by Bell et al. (2016) to the problem of intertidal 
morphological monitoring has been investigated in this contribution. Several sites within the intertidal area 
of the Dee estuary, northwest UK were selected in order to explore their change in morphology. 
Significant changes in waterline (and therefore implied underlying bed elevation) were observed at both 
sites selected. At site A, West Hoyle sandbank, large dynamic bedforms can be seen migrating across 
the bank. This is consistent with the theory that the Dee is an estuary approaching overall equilibrium, but 
with significant variations across an annual cycle in the patterns of local sediment flux, as evidenced in 
Figures 7A and 7B. The described changes in local sediment levels are driven not only by underlying tidal 
cyclicity but are also modulated by variations in wave conditions according to broadly seasonal cycles. 
The time lags in sediment fluxes between the two sites analysed indicate differences in susceptibility to 
wave action between the two sites, which are likely a result of their different geomorphological 
characteristics. The NW Wirral beach differs from West Hoyle sandbank in that sandbanks in a more 
central position in the estuary mouth are likely to be more exposed to waves than the tidal flats adjacent 
to the beach. In addition, site A has a much shallower cross-shore gradient and a lower maximum 
elevation: this elevation difference will influence, to some extent, the duration and impact of nearshore 
processes affecting the area over the course of a given tidal cycle; and the difference in gradient will 
contribute to the determination of runup extents and wave-breaking processes (Masselink et al., 2006). 
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Figure 4 illustrates that the upper regions of site B are sheltered by Hilbre Island from westerly waves, 
potentially reducing erosion of the upper beachface during moderate wave conditions. Waves incoming 
from the north and northwest are likely to break and their energy will be dissipated during the transition 
across East Hoyle sandbank to the north of site B. 
 
The differences in mean beach height shown in Fig. 11 also show annual and interannual cyclicity, with 
differences in mean elevation of ~40 cm between November 2006 and June 2007 at site A and ~30 cm 
between December 2006 and July 2007 at site B. Although the absolute values of these elevations may 
not be as accurate as LiDAR surveys, radar-derived elevations were previously shown to be stable from 
survey to survey (Bell et al., 2016). This gives confidence that the changes in radar-derived elevations do 
reflect changes in topographic elevation. Further observations of cyclic changes were made by visualising 
changes in cross-shore transects in Fig.13, and periods of highest wave energy appear to correspond to 
the autumn/winter seasons of 2007 and 2008 where the beach profile was flattened significantly before 
restabilising in spring of the following years. Anecdotal evidence from local authorities including the Wirral 
Borough Council Ranger Service during visits to the study site also indicated substantial changes to 
localised beach elevations observed by the Ranger Service based on the emergence and disappearance 
of rocky outcrops beneath the sand within the intertidal area.     
 
A clear disadvantage of relying solely on cross-shore profiles is the lack of three-dimensional monitoring 
that potentially causes the passage of a bedform to be missed if it migrates between two transects. This 
can also give the false impression of increased erosion from a transect when it is possibly a case of 
bedform migration. Many studies seek to address this by taking many profiles closely spaced along an 
area of the coast and often interpolating between profiles, potentially introducing significant errors (Plant 
et al., 2002). However, the cost in personnel and time taken increases as more profiles are taken. 
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The morphological impacts on the intertidal area to the east of Hilbre Island during a storm were observed 
by the radar. The area highlighted in Fig. 14 shows the flattening of an intertidal bar and the apparent 
redistribution of material in the seaward direction. However, the temporal resolution of 2 weeks used in 
this analysis is likely not sufficient to properly quantify the effects of a single storm, in this instance wave 
heights increase again only a week after the storm, and thus some of the changes recorded may in fact 
be a result of a separate storm event. Resolving this may be achieved by using fewer data in the analysis 
(for example only one week before and after the storm event) although results will likely be less accurate, 
or by using a two-weekly moving window analysis, stepping forward by several days at a time.  
 
Sandbank systems often provide natural coastal defences, serving to dissipate incoming waves and, as 
such, are often exposed to high-energy events, potentially suffering degradation and erosion (Hanley et 
al., 2014). Many beach nourishment schemes aim to replenish material lost to erosion, and thus, the 
presented technique for monitoring intertidal areas could provide a cost-effective and robust option for the 
long-term assessment of the effectiveness of such schemes.  
 
4.1. Methodological improvements and further work  
 
The methodology presented shows itself to be aptly suited to long-term coastal morphological monitoring. 
Significant improvements are planned through several key development efforts, the first of which is an 
increase in the temporal resolution of the input time-exposure images. In the present study, data were 
recorded hourly – limited by data storage available at the time of data collection (2005-2008). As a result 
of the large tidal range in the Dee estuary, the water level can change significantly within an hour. This 
could result in certain elevations being omitted from the analysis as the image sequence has insufficient 
temporal resolution to capture the whole transition of the tidal range. This shortcoming could be alleviated 
by processing time-exposure images more frequently or even continuously, capturing more of the 
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waterline progression through the image sequence. This may also assist in the method's application to 
tracking changes resulting from instantaneous events, such as storms or other wave events. 
 
Further improvement are possible with the application of more advanced image processing and filtering 
techniques to the basic input image data. The objective of these techniques would be primarily twofold: (i) 
to reduce over-exposure and excessively high pixel intensities at short ranges (a result of radar power 
saturation and pulse width also known as the ‗main bang‘), (ii) to increase intensities at longer ranges, 
alleviating radar power drop off. In addition, reducing the noise of sea clutter in the subtidal area would 
serve to prevent many false waterline elevation acquisitions in these areas. Algorithms to accomplish 
these aims are currently under development and will be explored in further work.  
 
The differences between the waterline-derived elevations and survey data require further study. 
Numerical models may provide some insight into the propagation of the tide across the study domain, 
rather than assuming a uniform tidal elevation across the site. This may also assist in quantifying the slow 
drainage of water from the sand flats on the ebb of the tide and possible regions of pooling water. The 
dependence of the location of the shore breaker line relative to the still water level on a range of 
hydrodynamic effects may also be numerically explored with the assistance of beach profile models such 
as XBeach. 
 
5. Conclusions  
A novel radar waterline survey method is applied to the difficult task of monitoring intertidal morphology 
over long periods of time. Data were collected using a standard marine radar operating at X-band (9.4 
GHz) with a 3.83-km radial range from an installation on a remote island. These data were used to create 
a series of time-exposure images of an estuarine environment, and the pixel intensities from these 
images were used as input to a matching algorithm along with a record of tidal elevations in order to 
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estimate a waterline elevation above chart datum for that individual pixel. Just under three years of data 
were processed, producing a survey of elevations every 2 weeks (where possible).  
 
Assessments of morphological change exposed the dominant trends of volumetric change at both sites, 
revealing a trend of sediment loss (Fig. 7) in autumn and winter and subsequent accretion in spring and 
summer for the sandbank and beach sites, respectively (Fig.11). This potentially indicates overall trends 
of sediment erosion by means of stronger wave events during winter; these wave events also serve to 
moderate the vertical dimension of intertidal bedforms. In the summer, wave conditions are more stable 
(indicated by records of daily significant wave heights from a nearby Waverider buoy shown in Fig. 7C 
allowing the tides and currents to reestablish clearly defined bedforms and to rework sediment back onto 
the beaches. 
  
The radar waterline method thus offers a tool for monitoring intertidal morphology over long periods of 
time and across large areas. While vertical differences compared to a LiDAR system are currently up to 
several decimetres, these differences appear to be relatively consistent at any particular location. Thus, 
the high temporal resolution of the radar survey technique allows repeat surveys to quantify 
morphological change over large areas. This also potentially allows the technique to be applied to the 
tracking and measurement of sedimentary bedform migration. The elevation estimates provided by the 
radar survey reflect the mean elevation over two weeks; and with this survey having a 5-m spatial 
resolution (the resolution of radar-derived surveys varies depending on the antenna and carrier frequency 
of the radar) the morphological details of some of the smaller bedforms that change on a daily–weekly 
basis, such as those observed by Anthony et al. (2004), are being smoothed out. These data therefore 
provide a holistic view of the larger-scale seasonal changes. Limitations imposed by irregular surveying, 
collection of only two-dimensional profiles, and focussing on surveying only smaller areas have previously 
prevented the effective observation of seasonal change and bedform migration at this spatial and 
temporal scale.  
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In addition to providing data to validate modelling efforts, this methodology can be used to either support 
other survey techniques in large-scale survey campaigns or act as a stand-alone sensor. The versatile 
nature of radar image data allows other data processing methods (such as wave inversion analyses to 
retrieve subtidal bathymetry and surface currents) to be applied to data collected during these 
deployments. Robust automated collection of wide area intertidal surveys was not previously possible 
with marine radar and is not possible using other remote sensing techniques at this spatial scale and 
update rate. The application of this radar-based technique may significantly improve the situational 
awareness of coastal managers prior to large-scale engineering projects, and provide stakeholders with 
better long-term information, or analytics (i.e., Coastal Analytics) describing the overall 'health' of a given 
shoreline as conditions change or as maintenance/coastal defence projects progress.  
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List of Figures  
Fig. 1. Nautical chart of the Dee estuary showing study area and maximum radar range (circle in bold) 
around Hilbre Island (SeaZone Solutions Ltd., 2015). 
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Fig. 2. Example time exposure image created using 256 images (~10 minutes) showing the average 
intensity at each pixel, a total of 336 images of this type are used in each 2-week analysis period.  
 
Fig. 3. Schematic overview of radar waterline survey method developed by Bell et al. (2016). 
 
Fig. 4. Radar-derived waterline elevations surveyed during April 2006 (Bell et al., 2016) showing site A, 
the West Hoyle sandbank and site B, the NW Wirral beach to the east of Hilbre Island. (Black rings 
denote areas of significant noise and line-of-sight shadowing). 
Fig. 5. Comparison of (A), radar-derived waterline elevations and (B), LiDAR-observed bed elevations. 
(C) Residuals between (A) and (B). (D) Areas in shadow from the radar antenna defined by a simple ray-
tracing method based on the LiDAR elevations, 1 = clear, 0 = shadowed.  
Fig. 6. Comparison between radar-derived waterline elevations and LiDAR-observed bed elevations at 
West Hoyle sandbank. The 1:1 line is shown in solid green and illustrates the overestimation of elevation 
by the radar.   
Fig. 7. (A) Estimated change in total sediment volume at site A West Hoyle sandbank. The solid line 
represents values estimated using the radar waterline method; the dashed line shows interpolated 
missing data. (C) Estimated change in sediment volume at site B NW Wirral beach. Solid line represents 
values estimated using the radar waterline method; dashed line the interpolated missing data; and 
dashed red vertical lines denote the winter seasons. (C) Wave statistics from CEFAS wavenet buoy in 
Liverpool Bay: daily averaged significant wave heights, daily averaged peak wave periods, and daily 
averaged wave directions. Red sections indicate winter seasons and red line represents monthly moving 
averaged values.  
Fig. 8. Series of plots illustrating morphological evolution at site A, West Hoyle sandbank. Plots shown 
were extracted every five months between March 2006 and December 2008. 
Fig. 9. Sequence of plots illustrating morphological evolution of site B, NW Wirral beach. 
Fig. 10. Long-term elevation change (March 2006–December 2008) West Hoyle sandbank. 
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Fig. 11. Variation in mean waterline elevations above Chart Datum for A) site A West Hoyle sandbank 
and (B) site B, NW Wirral beach throughout 2006 (red line), 2007 (green line), and 2008 (blue line) 
around the three-year mean elevation (purple solid line). 
Fig. 12. (A) Radar-estimated elevations with location of extracted section (B), extracted section rotated 
and the extracted cross-shore transect locations indicated. 
Fig. 13. Image timestacks colour-coded by elevation. Plots show cross-shore extent along the x-axis, time 
on the y-axis, and elevations colour-coded. Also shown are wave energy density figures for the 
corresponding time periods during the survey campaign (right-hand column).  
Fig. 14. (A) Radar-derived waterline elevations from the period before storm Britta (15 to 29 October). (b) 
Elevations from after the storm (31 October to 14 November). (c) Subimage showing radar-estimated 
residual waterline elevation changes (m) resulting from storm Britta (November 2006) around Hilbre 
Island. 
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Highlights 
 
• A novel radar-based remote sensing technique is applied to the task of monitoring inter- and 
intra-annual intertidal morphological change. 
• Three years of marine radar data are analysed with a waterline mapping algorithm, generating a 
sequence of elevation surveys.  
• Morphological evolution of the intertidal area is observed and seasonal changing sediment 
volumes and beach elevation trends are analysed.  
• A radar waterline mapping technique is used to assess the effects of an individual storm event in 
2006 on the morphology of a dissipative beach.  
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